I mplantatIon of interspinous process (ISP) devices is known to be useful as a surgical treatment for different types of spinal pathologies, such as spinal stenosis or facet arthritis. 1, 4, 26 The main design goal of such devices is to apply a distraction force to the processes and prevent further extension of the segment. As a result, ISP devices help to relieve the symptoms of neurogenic intermittent claudication associated with spinal stenosis. Further, these devices are designed to limit extension and expand the spinal column and foramen at the treated level. They are also designed to allow motion during flexion, lateral bending, and axial rotation at the treated segment because they reduce adjacent-level effects. 4, 6 Of all ISP devices, the X-Stop device (Saint Francis Medical Technologies Inc.) has been documented most extensively in the literature. 20 It has 2 lateral wings to prevent unnecessary displacements.
nematics of implanted and adjacent segments and found that it significantly reduced the range of motion (ROM) in extension at the implanted level while retaining the ROM in flexion, axial rotation, and lateral bending. They also found that the device did not affect the ROM of the adjacent segments in any motion direction. In another in vivo study, Siddiqui et al. 24 investigated the changes in disc height and segmental and total lumbar rotation before and after X-Stop implantation and concluded that the disc height and sagittal kinematics of the lumbar spine are not significantly affected by the device.
Wilke et al. 26 compared the effects of 4 interspinous implants-Coflex (Paradigm Spine), Wallis (Abbot Spine), DIAM (Medtronic), and X-Stop-on ROM and intradiscal pressure (IDP) in an in vitro test in which pure moments were applied on a functional spinal unit in flexionextension, lateral bending, and axial rotation. Their results showed that all implants reduced ROM in extension by about 50% of that in the intact model. However, none of them affected ROM in other directions. Further, as was the case with ROM, all implants reduced IDP in extension but did not have any effect on it in other directions. In another in vitro study, Hartmann et al. 6 studied the biomechanical effect of 4 interspinous implants-Aperius (Kyphon), In-Space (Synthes), X-Stop, and Coflex-on the ROM at implanted and adjacent levels using L1-5 cadaveric specimens. They found that all 4 devices caused a significant reduction in ROM in extension but did not affect it under pure moments in other directions. They also showed that when a follower load was applied with pure moments, the ROM in flexion decreased for all 4 implants. Wiseman et al. 27 determined the effect of an implanted X-Stop device on the facet load in extension at the index and adjacent segments of L2-5 cadaveric specimens and found a significant reduction in facet loads at the index level but no change in the loads at the adjacent level. Swanson et al. 25 investigated the influence of X-Stop implantation on the IDP at the index (L3-4) and adjacent levels in vitro. They observed that the device did not significantly affect IDP at the adjacent level, although it was decreased considerably at the index level.
All the above-mentioned studies were in vitro; however, in vitro investigations have several limitations. For example, as reported by Wilke et al., 26 the IDP in vitro may not be calculated correctly by using pressure transducers. However, finite-element (FE) studies, unlike in vitro studies, can help researchers to examine the inner workings of the lumbar spine and study the effects of an ISP device on load sharing, stresses, and strains in the spine under different loading conditions. To this end, Lafage et al. 10 conducted a combined in vitro and FE study to investigate the effect of the Wallis implant on ROM and stress at the disc annulus and implant at the index and superior adjacent levels. They used the L3-5 segments for cadaver and FE studies and observed a reduction in motion and disc internal loads in the case of the implanted segment. However, their model was limited to studying the adjacent-segment effect since it had just 2 segments. Furthermore, they applied a flexible protocol (load control) instead of a hybrid protocol (displacement control). The latter is more anatomically relevant and can better represent the motion and loads experienced by the spine after surgical procedures and implantation. 5, 16 However, in the field of ISP devices, no study has utilized the FE approach for a detailed biomechanical investigation of the effect of these devices on adjacent segments by using a hybrid protocol.
Therefore, the aim of the present FE study was to evaluate the effect of an implanted ISP device on the biomechanical parameters of a lumbar spine by using a hybrid testing protocol. The biomechanical parameters considered were ROM, IDP, and facet load at both the index and the adjacent level. In addition, stress in the ISP device after implantation was evaluated.
methods intact model
We developed a 3D FE model of the L1-5 segments of the spine. The geometry of the vertebrae was obtained from CT scan data for a healthy 35-year-old man. The lordosis curvature was measured as 25° using the Cobb method ( Fig. 1 left) . All cancellous, cortical, and posterior parts of the vertebrae were meshed using hexahedral elements (C3D8). The outer layer of the elements on each vertebra was considered as the cortical layer with a thickness of approximately 0.5 mm. 17 Further, the adjacent level of the disc was considered as the endplate with an average thickness of 0.6 mm, and the cancellous part of the vertebrae composed the inner mesh. The detailed meshing procedure has been reported in our previous study. 3 Threedimensional gap contact elements (GAPUNI) were used to simulate the facet joints between the vertebrae. These elements transfer force between nodes in a single direction as a function of the specified gap between them. The behavior of the cartilaginous layers of the facet surfaces was simulated with a parameter called "softened contact" in the ABAQUS software (Version 6.10-2, Abaqus Inc.).
The circular mesh pattern 3 on the disc helped to model the concentric rings of the annulus ground substance. The rebar option of ABAQUS oriented ± 30° to the horizontal plane was used to model the fibers in the annulus. The "no compression" option of the ABAQUS software was used to restrict the fibers only under tension loading. A hyperelas- tic material model was used to simulate behavior of the annulus. Further, fluid behavior of the nucleus was simulated using a hexahedral element assigned very low stiffness (1 MPa) and near incompressibility (Poisson's ratio 0.4999).
The ligaments were simulated using 3D truss elements, which were constrained to act nonlinearly only in tension. All 7 major ligaments-that is, the anterior longitudinal ligament, posterior longitudinal ligament, ligamentum flavum, intertransverse ligament, interspinous ligament (ISL), supraspinous ligament (SSL), and capsular ligament-were represented. The ligaments' behavior, namely, the change in their stiffness with strain, was simulated using a hypoelastic material model.
The complete model consisted of 72,193 nodes and 55,650 elements that represented the entire structure of the lumbar spine (Fig. 1 right) . The material properties of various components of the lumbar model (Table 1) were obtained from the literature. 
boundary and loading conditions
In all directions, the nodes lying on the upper endplate of L-1 were coupled to a flying node (FN) higher than the surface of the L-1 endplate; then a pure moment was applied to the FN. The follower load was applied on each side of all segments such that the unwanted segmental rotation was less than 0.2°. 16 The follower load was simulated using the connector elements between each set of adjacent vertebrae. The nodes lying at the bottom endplate of L-5 were constrained in all directions.
The intact L1-5 lumbar model was validated in 3 motion planes against published in vitro study data. The amount of rotation in each segment was compared with that reported in published in vitro studies. A pure moment of 10 Nm combined with an applied follower load of 400 N was used to simulate the model in flexion-extension and axial rotation, and the motion response was compared with those reported in the in vitro studies by Yamamoto et al., 28 Schmoelz et al., 22 Niosi et al., 14 and Schilling et al.
21
implanted model An ISP device was inserted between the ISPs of the L-3 and L-4 segments; the design of this device, which was the static kind, was similar to X-Stop in that the cross-section of the device was oval (Fig. 1 right) . The device had a core that could be accommodated between the processes without any injury to the ISL and SSL. Two wings were designed to keep the device in place. The upper elements of the device were coupled to adjacent elements on the processes of the corresponding vertebra. Titanium alloy was selected as the material for the device. The isotropic elastic formulation was used to simulate the material properties of titanium (Young's modulus 115 GPa, Poisson's ratio 0.3).
The implanted model was loaded in all 3 main directions: flexion-extension, lateral bending, and axial rotation. A hybrid protocol, which was used in all simulations, was implemented with the aim of examining adjacent-segment biomechanics by varying the moment until the overall deflection of the implanted L1-5 models equaled the predicted deflection for the intact model. 15, 16 The hybrid moment for the implanted model was 14.5 Nm in extension. A bending moment of 10 Nm was used in all other directions because similar total ROMs were obtained in other motion directions.
results model validation
The FE model of the intact L1-5 segments was validated against reported in vitro studies 14, 21, 22, 28 in flexionextension, axial rotation, and lateral bending. A precompression load of 400 N and pure moment of 10 Nm were applied to the FE model to predict the ROM values. Table  2 lists results of a comparison between the motion values predicted by the FE model and those reported in published in vitro studies. The kinematic data predicted by the FE model were within the standard deviation or close to the average of the cadaveric data obtained from the literature. The small variations in the ROMs between the studies were observed only at the L1-2 segment in flexion and axial rotation; these variations were attributed to differences in the methods and loading conditions used in the cadaveric studies. In the present study, we used this validated FE model for evaluating the effect of ISP devices under hybrid loading in extension. A comparison of the ROM values at the L1-2 segment predicted by the FE model with those obtained in the in vitro study by Yamamoto et al. 28 showed that the FE model-predicted values in extension and axial rotation were in the range of those found in the in vitro study. In lateral bending and flexion, however, the ROM values were 25% higher and 41% lower, respectively, than the values in the in vitro study. 28 In other words, the FE model-predicted motion values were lower in flexion but higher in lateral bending and axial rotation as compared with the corresponding in vitro values. Figure 2 shows the ROM at each lumbar level for both the intact and implanted models in flexion, extension, lateral bending, and axial rotation. In the extension direction, ROM at the L3-4 segment decreased by 80.6% after implantation relative to the ROM at this segment in the intact lumbar spine. Further, the ROM values in adjacent segments-that is, L2-3 and L4-5-increased by 29.7% and 21%, respectively, relative to those in the corresponding segments in the intact spine.
range of motion
At the index level, ROM changed by up to 8% and 3% in lateral bending and axial rotation, respectively, but it did not change in flexion. At the adjacent level, the change in the ROM was the same-by up to 2%-in flexion, lateral bending, and axial rotation. Table 3 lists the left and right facet loads at the index and adjacent levels. In extension, a comparison of facet loads at the index and adjacent levels in both models reveals that at the index level in the implanted model, the facet loads decreased significantly-up to 99.9%-relative to the intact model. However, at the superior (L2-3) and inferior (L4-5) adjacent levels, the facet loads increased up to 51.9% and up to 60.3%, respectively.
Facet loads
At the index level, the facet load changed by up to 22% and 15% in lateral bending and axial rotation, respectively, but it did not change in flexion. At the adjacent level, the change in the facet load was the same-by up to 7%-in flexion, lateral bending, and axial rotation. Table 4 presents the maximum IDP at the index and adjacent levels for both the intact and implanted models. The predicted IDP at the index level in the intact model was 0.98 MPa in extension but it decreased by 52.6% after implantation. In contrast, the predicted IDP at the superior adjacent level in the intact model was 0.87 MPa but it increased significantly by 40% after implantation. Further, the predicted IDP at the inferior adjacent level in the intact model was 0.90 MPa but it increased moderately by 6.6% after implantation.
At the index level, the IDP changed by 5% in lateral bending, but it did not change in flexion and axial rotation. At the adjacent level, the IDP was the same as that in the intact model in flexion, lateral bending, and axial rotation. Figure 3 shows the predicted von Mises stress distribution in spinous processes before and after implantation, in extension. The maximum von Mises stress in the L-3 spinous process increased significantly (to 53 MPa) after implantation. Similarly, the maximum predicted von Mises stress in the L-4 spinous process was 48.2 MPa after implantation.
Stress in Spinous processes

discussion
Interspinous process devices are useful in the treatment of various lumbar spine pathologies. Several studies have investigated the effects of such devices on the biomechanical behavior of the lumbar spine at both the index and adjacent segments. However, none of these studies applied the hybrid protocol to investigate adjacent-segment effects. As suggested by Panjabi et al., 15, 16 a hybrid approach gives results that represent the actual scenario in clinical cases following surgical procedures and implantation. In particular, a hybrid testing protocol is appropriate for the biomechanical evaluation of adjacent spinal levels. 16 Studies have shown that the hybrid protocol is more anatomically relevant and can better represent the motion and loads experienced by the spine after surgical procedures and implantation. 5, 16 Therefore, we attempted to evaluate the biomechanical effect of ISP devices on adjacent and index segments by using the hybrid protocol, which has rarely been attempted in this field. The FE model (L1-5) used in this study was successfully validated in all 3 main planes via a comparison of its results with those from various published in vitro studies. Specifically, the model was validated given the fact that the kinematic data predicted by the FE model in all segments were within the standard deviation or close to the average of the results from in vitro studies.
According to the literature, 1, 18, 26 all commercially available ISP devices affect the biomechanics of the lumbar spine only in extension but not in flexion, lateral bending, and axial rotation. Therefore, we modeled an elliptical cylinder-shaped device with lateral wings that mimicked the X-Stop device and placed it between the L-3 and L-4 spinous processes of the FE model (L1-5).
We simulated the implanted model in all motion directions. In general, changes in the ROM, IDP, and facet loads were negligible in directions other than extension, as reported in the literature. 6, 26 As expected, the IDP, facet load, and ROM decreased after ISP implantation in extension at the index level.
Our kinematic results at the index level in extension were in agreement with corresponding results in the literature. 6, 10, 12, 26 Specifically, our FE study predicted that the ROM reduced to 0.72° after implantation at the index level in extension, which is similar to Lindsey et al.'s 12 observed reduction of 0.5° ± 0.3° after ISP implantation at the index level in extension. Another study 6 reported similar results, that is, a reduction in extension, after ISP implantation in flexion-extension. Although we applied the hybrid protocol, which leads to higher loading (14.5 Nm), the restriction of motion in extension at the implanted level was almost the same as that in the aforementioned studies, owing to the design of ISP devices that makes them restrict motion in extension.
The question then is whether ISP surgery affects the kinematics of adjacent segments. Lindsey et al., 12 who had determined ROM at adjacent levels (L2-3 and L4-5) after implantation of the X-Stop ISP device into a cadaveric lumbar spine (L2-5), reported that the ROM at adjacent segments was not significantly affected in flexion-extension. Similarly, Hartmann et al. 6 reported that there was no significant change in the ROM for all segments (L2-5) in flexion-extension under a pure moment of 7.5 Nm and follower load of 400 N. However, they reported a significant increase in the ROM for an entire specimen (L2-5) during lateral bending and rotation after implantation of 4 different ISP devices, and they suggested further investigation of ISP devices for determining adjacent-level effects (ALEs).
In contrast to these findings, our FE model predicted increased motion in the superior and inferior adjacent segments after ISP implantation in extension under hybrid loading (pure moment of 14.5 Nm) and a follower load of 400 N. Although an increase in motion may not lead to adjacent-segment hypermobility due to changes in extension only and perhaps is not clinically significant, it may be useful to investigate the effect of motion changes on other components at adjacent levels, such as facet joints and intervertebral discs.
Further, in this study the facet loads predicted by the FE model for the intact model at the index segment were consistent with those reported in the literature. 7 After implantation of the ISP device, the facet load decreased at the index level in extension. Wiseman et al. 27 reported similar findings: they reported ALEs after implantation and found an increase in the facet load (by 10%) at the superior adjacent level and a decrease in the facet load (by 17%) at the inferior adjacent level. However, they also reported that the changes were not significantly different between the intact and implanted specimens. In contrast to their results, our FE model predicted that the facet load would increase by up to 60% in extension at both the superior and inferior adjacent levels. This contrast in results can be explained as follows. Wiseman et al. 27 placed a pressuresensitive film in the facet joint to investigate the load values and compared them between the intact and implanted specimens at the adjacent and index segments by using a load control protocol. However, this approach has some drawbacks: a ± 15% error, which was associated with the pressure measurement; variation in the contact area of the pressure sensor; and unsuitability of the load control protocol for adjacent-level investigations. In comparison, the hybrid protocol is more appropriate for evaluating ALEs after implantation of a healthy lumbar FE model. Therefore, our results suggest that after ISP implantation, the adjacent-level facet joint will be affected over the long term and should be subjected to further investigation. At the index level, the facet loads changed by up to 22% and 15% in lateral bending and axial rotation, respectively. These changes were attributed to the wings of the ISP device, which limit motion in these directions. However, the total facet load in the index segment remained similar to that in the intact model, and only the load sharing between the right and left facets changed. In contrast, in extension, the total facet load changed-that is, it decreased.
Interspinous process devices prevent motion in extension and unload the intervertebral disc, resulting in an enlargement of the central canal for the treatment of neurogenic intermittent claudication. As expected, the FE model predicted that the ISP device would release IDP at the index level in extension. This result was in agreement with those in cadaveric studies in the literature. 25, 26 However, the FE model predicted that the IDP at the superior adjacent segment (L2-3) would increase by almost 40% after ISP implantation and that this IDP was very close to that in the intact case at the inferior adjacent segment (L4-5) in extension. Unfortunately, these results disagree with those in a cadaveric study by Swanson et al. 25 One of the reasons for this disagreement is that Swanson and colleagues performed load control (that is, a flexibility test) instead of displacement control (that is, a hybrid test) for adjacentlevel investigations. Another reason, as mentioned in the previous paragraph when discussing the results for facet loads, is that Swanson et al. used a pressure transducer, which may not measure IDP correctly, as suggested by Wilke et al. 26 Therefore, the efficiency of the intended use of ISP devices may not be correctly interpreted by flexible testing.
Although successful outcomes pertaining to the use of ISP devices in the treatment of lumbar spine diseases have been reported, 11 ,29 a few cases of ISP failure after surgery have been described as well. For example, Miller et al. 13 reported 2 cases of ISP failure in which gradual erosion of the spinous processes occurred because of consistent motion at the spacer-bone interface. Furthermore, Bowers et al. 2 published medical records of complications associated Finite-element study of iSp devices using a hybrid protocol with implantation of the X-Stop device. They reported the fracture of spinous processes in 3 of 13 patients and suggested possible causes of fracture, including the degree of osteoporosis and over-distraction of the interspinous space with an oversized implant. Kim et al. 8 reported a high rate (52%) of spinous process fracture associated with ISP surgery performed in 39 patients at their institution. One of the main reasons for spinous process fracture would be the stress concentration at the bone after ISP implantation. Our FE study drew a clear conclusion in this regard and showed that the stress distribution in spinous processes at the index level changed significantly after implantation. In the intact model, most of the stresses were concentrated at the facet joints. After implantation, however, a greater part of the stress was transferred to the implanted region (Fig. 3) . Similarly, other studies 10 reported an increase in the load transmitted through spinous processes. Although spinous processes may be strong enough to withstand the stresses after implantation, 23 ISP devices may cause gradual erosion at the bone-implant interface under constant stress and motion, thereby increasing the recurrence probability of preoperative symptoms. In addition, the success rate of the outcome of lumbar treatment with an ISP device also depends largely on the bone density 8 and overall lumbar scoliosis 19 of patients. Like any other numerical study, this study has certain limitations. Unlike cadaver studies, FE models do not account for the variation in material properties or geometry. Furthermore, some assumptions and simplifications in the model may not represent real values for the human spine. Nevertheless, the predicted data for the intact case are in agreement with the results of cadaver studies.
conclusions
In this FE study, we analyzed the effect of an ISP device on biomechanical parameters of the lumbar spine using a hybrid protocol. The FE model predicted that the IDP, facet load, and ROM would decrease after ISP implantation at the index segment in extension. However, the FE model also predicted that the facet loads would increase in extension at both the superior and inferior adjacent levels. In addition, IDP increased at the superior adjacent segment. The FE model also showed that the stress distribution in spinous processes at the index level would increase significantly after implantation, which might cause gradual erosion at the bone-implant interface under constant stress and motion. Overall, our data suggested that ISP devices should be subjected to further investigation to understand their long-term effects on lumbar spine biomechanics.
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